Encapsulation of DNA into hydroxyapatite (HAp) has been investigated using a rational approach that involves computer simulation and experimental techniques. The temporal evolution of the radial distribution functions derived from atomistic molecular dynamics simulations of Ca 
Introduction
Hydroxyapatite (HAp), Ca 10 (PO 4 ) 6 (OH) 2 , is a complex mineral which is becoming increasingly important as a candidate for use as a biomaterial. HAp is the main mineral phase of mammalian tooth enamel and bone, 1 where it grows as nano-sized mineral platelets at nucleating sites on a protein template. 2, 3 More specifically, very thin HAp platelets adopt an ordered arrangement within and around collagen fibrils, the mineral being aligned with its c-axis along the fibril. 2 HAp-collagen composites are biodegradable and good matrices for bone cell attachment and proliferation, as well as new bone formation. 4 Several non-collagenous proteins have been also associated with HAp. Specifically, the growth of the bone is controlled by naturally evolved proteins, [5] [6] [7] and malfunction of these proteins may lead to severe skeletal diseases. 8 In the last few years interactions between HAp and DNA are believed to play an important role in different fields, including the biomedical one. 9, 10 For example, recent spectroscopic studies showed the contribution of vibrational modes of DNA, phospholipids and protein appears in HAp microcalcifications formed in the organism. 9 More recently, HAp nanoparticles (NPs) have been used as non-viral gene carriers. [10] [11] [12] [13] Thus, DNA-HAp NPs complexes were found to cross cell membranes, integrating into the cell genome. In a very recent study, Brundin et al. 14 showed a specific binding affinity of HAp for DNA. These same authors found that HAp-bound DNA is more resistant to decay and less susceptible to degradation by serum and nucleases, which may account for the long-term persistence of DNA in bone and tooth. 14 The direct encounter between DNA and HAp in biological systems suggests that investigation of the interaction between these two materials and particularly, of the formation of biominerals through the nucleation of HAp at a DNA template † These authors contributed equally to this work. a would be very useful for the development of novel strategies for gene therapy. Thus, biomineralization would facilitate DNA protection by the surrounding inorganic material. Amazingly, the number of studies devoted to examining the interaction between HAp and DNA is still very scarce. In an early study, Jordan et al. 15 reported on DNA-calcium phosphate co-precipitation for transfection purposes, even though such co-precipitation was described only in a narrow range of physicochemical conditions. More recently, Okazaki et al. 16 investigated the effect of DNA on the crystal growth of HAp by synthesizing the mineral in the presence of the biomolecule. Those authors reported that DNA inhibits the HAp crystal growth, indicating that DNA molecules are not in the HAp structure but adsorbed at the surface. Finally, in a very recent study we used molecular modeling tools to examine the structure and stability of biominerals in which DNA molecules are embedded into HAp nanopores. 17 Results indicated that duplexes of DNA adopting a B double helix can be encapsulated inside nanopores of HAp without undergoing significant conformational distortions.
On the basis of these observations, in this work we investigate the encapsulation of DNA into HAp nanoparticles using a rational design approach that combines theoretical and experimental methodologies. Atomistic molecular dynamics (MD) simulations of B-DNA immersed in an inorganic solution show the rapid formation of calcium phosphate clusters at the biomolecule template. The temporal evolution of these clusters suggests the growing of HAp around the DNA matrix. Although 50 ns trajectories only represent the initial stages of nucleation of HAp around the DNA template, analyses support the view that the biomolecules promote, or at least does not inhibit, mineral growth. The inorganic solutions used for the simulations have been experimentally applied to fabricate nanocapsules and crystalline nanorods with DNA inside. Corroboration of this experimental achievement and characterization of the biomineral after the removal of superficially adsorbed DNA by enzymatic digestion were carried out through transmission electron microscopy (TEM), infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), UV-vis spectroscopy and gel electrophoresis.
Methods

Computational methods
The simulation system consisted of the Dickerson's dodecamer (5′-CGCGAATTCGCG-3′), which is a well-known sequence that adopts a B-DNA double helix, 18 and 29 554 water molecules were carried out to get more insights on the role of the B-DNA template in mineral growth. MD simulations in NPT conditions (constant number of particles, temperature of 298 K and pressure of 1 atm) were performed using the NAMD 2.6 19 code. The potential energy was computed using the Amber force-field. 20 All force-field parameters for DNA as well as the phosphate and hydroxyl groups were extracted from Amber ff03. 21 It should be noted that the ff03 parameters are identical to the ff99-SB 22 ones for nucleic acids, phosphate and hydroxyl groups. Force-field parameters of Ca 2+ were extracted from the work reported by Bradbrook et al. 23 The ability of this set of force-field parameters to reproduce the inorganic-organic interactions found in biominerals was recently proved. 17 The density of water in the simulation box was 1.00 g cm −3 at a temperature of 298 K. The water molecules were represented using the TIP3P model. 24 The initial simulation box (92.0 × 91.5 × 108.0 Å 3 ) was equilibrated using the following strategy. Before any MD trajectory, 5000 steps of energy minimization were performed to relax conformational and structural tensions. Next, different consecutive rounds of short MD runs were performed to equilibrate the density, temperature, and pressure. First, solvent and ions were thermally relaxed by three consecutive runs, while the B-DNA was kept frozen: 0.5 ns of NVT-MD (volume conserved) at 500 K were used to homogeneously distribute the solvent and ions in the box. After this, 0.5 ns of isothermal (298 K) and 0.5 ns of isobaric (1 atm and 298 K) relaxation were run. Finally, all the atoms of the system were submitted to 0.15 ns of steady heating until the target temperature was reached (298 K), 0.25 ns of NVT-MD at 298 K (thermal equilibration), followed by 0.5 ns of density relaxation (NPT-MD). Atom pair distance cut-offs were applied at 16.0 Å to compute the van der Waals interactions. In order to avoid discontinuities in the Lennard-Jones potential, a switch function was applied to allow a continuous decay of energy when the atom pair distances are larger than 14.0 Å. For electrostatic interactions, we computed the non-truncated electrostatic potential throughout Ewald Summations. 25 The real space term was determined by the van der Waals cut-off (16 Å), while the reciprocal term was estimated by interpolation of the effective charge into a charge mesh with a grid thickness of 5 points per volume unit, i.e. Particle-Mesh Ewald (PME) method. 25 Both temperature and pressure were controlled by the weak coupling method, the Berendsen thermobarostat. 26 The relaxation times used for the coupling were 1 and 10 ps for temperature and pressure, respectively. Bond lengths were constrained using the SHAKE algorithm 27 with a numerical integration step of 1 fs. Periodic boundary conditions were applied using the nearest image convention, and the nonbonded pair list was updated every 1000 steps (1 ps). The end of the density relaxation simulation was the starting point of the production simulations presented in this work, which were 50 and 25 ns long for the system with and without the DNA template, respectively. The coordinates of all the production runs were saved every 1000 steps (1 ps interval).
Experimental methods
Materials
The materials used in the present work included fish sperm DNA, DNase I (bovine pancreas, >400 Kunitz units per mg), Temperature was maintained at 40°C during the addition process. After that, the reaction mixture was stirred at 80°C for 1.5 h and then naturally cooled to room temperature. The resultant suspension was aged for 24 h at room temperature. Then, the precipitate was separated by centrifugation and washed sequentially with de-ionized water and a 60/40 v/v mixture of ethanol-water (twice). A white powder was obtained after freeze-drying. The same protocol without the addition of fish sperm DNA was followed to get HAp nanocrystals, which were used as a control.
Synthesis of HAp-DNA nanocapsules
0.382 g of fish sperm DNA were added to 5 mL of a 0.5 mM Ca(NO 3 ) 2 solution in ethanol containing ammonia to adjust the pH to 11. Specifically, the DNA/Ca 2+ ratio was 0.15 g mmol −1 . The mixture was quickly added under agitation (400 rpm) to 3 mL of 0.5 mM (NH 4 ) 2 HPO 4 solution in de-ionized water and 0.5 mg of CTAB surfactant (calculated to be half the value of the critical micellar concentration, CMC). The mixture was maintained under agitation at room temperature for 1 h and subsequently allowed to stand overnight at 37°C. The precipitate was separated by centrifugation and washed sequentially with de-ionized water and a 60/40 v/v mixture of ethanol-water (twice). A white powder was obtained after freeze-drying. The same protocol without the addition of fish sperm was followed to get HAp nanocapsules, which were used as a control.
Transmission electron microscopy (TEM)
A Philips TECNAI 10 electron microscope was used and operated at 80 kV for a bright field mode. Micrographs were taken with an SIS MegaView II digital camera. Nanocrystals were recovered from the mother liquor by centrifugation, repeatedly washed with water and ethanol and deposited on carboncoated grids. Nanocapsules were directly recovered from the highly diluted synthesis medium.
FTIR spectroscopy
Infrared absorption spectra were recorded from powder samples with a Fourier Transform FTIR 4100 Jasco spectrometer in the 1800-800 cm −1 range. A Specac model MKII Golden Gate attenuated total reflection (ATR) equipment with a heated Diamond ATR Top-Plate was used.
X-ray photoelectron microscopy (XPS)
XPS analyses were performed in a SPECS system equipped with a high-intensity twin-anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV) operating at 150 W, placed perpendicular to the analyzer axis, and using a Phoibos 150 MCD-9 XP detector. The X-ray spot size was 650 µm. The pass energy was set to 25 and 0.1 eV for the survey and the narrow scans, respectively. Charge compensation was achieved with a combination of electron and argon ion flood guns. The energy and emission current of the electrons were 4 eV and 0.35 mA, respectively. For the argon gun, the energy and the emission current were 0 eV and 0.1 mA, respectively. The spectra were recorded with a pass energy of 25 eV in 0.1 eV steps at a pressure below 6 × 10 −9 mbar. These standard conditions of charge compensation resulted in a negative but perfectly uniform static charge. The C1s peak was used as an internal reference with a binding energy of 284.8 eV. High-resolution XPS spectra were acquired by Gaussian-Lorentzian curve fitting after s-shape background subtraction. The surface composition was determined using the manufacturer's sensitivity factors.
UV-Vis spectroscopy
A UV-3600 (Shimadzu) UV-Vis-NIR spectrophotometer controlled by the UVProbe 2.31 software was used to record the UV-Vis spectra of HAp-DNA nanoparticles at room temperature, in the 200-400 nm range, with a bandwidth of 0.2 nm and a scan speed of 600 nm min −1 . Spectra were recorded from aqueous suspensions of 0.5 mg of HAp-DNA nanoparticles in 1 mL of sterile milliQ water. Spectra were also acquired after dissolution of HAp-DNA nanoparticles by the addition of 100 µL of an acid medium (100 mM HCl and 50 mM NaCl) in the cuvette. Samples were homogenized by pipetting and maintained at room temperature for 5-10 min before recording the spectra. The same procedure was followed to analyze HAp-DNA nanoparticles previously digested overnight with deoxyribonuclease which was used to eliminate the adsorbed DNA on the nanoparticle surface. Samples were recovered after digestion by centrifugation, washed twice with deionized water and re-suspended in 1 mL of deionized water. Spectra were recorded from this aqueous suspension and from the dissolution attained after the addition of 100 µL of the acid medium.
Gel electrophoresis
Five samples were prepared for analysis by agarose gel electrophoresis: HAp nanoparticles, HAp-DNA nanoparticles before and after dissolution with EDTA and deoxyribonuclease digested HAp-DNA nanoparticles before and after dissolution with EDTA. This was performed by adding 5 μL of a 250 mM solution of EDTA. In each case, 25 μL of an aqueous dispersion of the selected HAp-DNA nanoparticles (10 μg μL −1 ) were mixed with an aliquot (5 μL) of 6× gel loading buffer. Subsequently, an aliquot of 15 μL was introduced in the well of a 1% agarose gel containing ethidium bromide (0.5 μg mL −1 of gel) in 1× tris-borate-EDTA buffer (TBE).
Results and discussion
Computational design
In an early study Okazaki et al. 16 indicated that DNA inhibits the crystal growth of HAp, which makes the formation of biominerals through the encapsulation of the biomolecule difficult. In order to investigate this feature, the temporal evolution of stoichiometric inorganic solutions of Ca 2+ , PO 4 3− and OH − ions in the presence and absence of B-DNA has been investigated using MD simulations. The former and latter systems were simulated for 50 and 25 ns, respectively, to gain insights not only from the clustering process but also from the mineral (or crystal) nucleation process, if it exists. Fig. 1 The templating role of the biomolecule in the nucleation of HAp is clearly evidenced when the distribution of inorganic ions is examined for the trajectory without DNA. Fig. 2 shows extensive inorganic clusters after 1 ns, which is consistent with the formation of multiple nucleation centres for amorphous phosphate precipitation. This observation is consistent with nucleation from a supersaturated solution. In subsequent stages of the trajectory, these clusters grow similarly and ions tend to re-organize, suggesting that the system evolves towards poly-organized HAp. This multi-nucleation behaviour is fully consistent with previous studies devoted to investigating HAp crystal growth 28 and differs from that displayed in Fig. 1 , which shows the preferential nucleation around the DNA template. Fig. 3 compares the radial distribution functions of P⋯P pairs, g P-P (r), calculated for the crystal structure of natural HAp, 29 the backbone of the DNA double helix and the PO 4 3− anions in the inorganic solution with and without DNA. Thus, the trajectory of the inorganic solution with DNA was used to calculate the g P-P (r) of the DNA backbone (i.e. the double helix was preserved during the whole trajectory) and the PO 4 3−
anions. The g P-P (r) for the DNA shows a broad and high peak centred at 6.45 Å, which is consistent with the dynamics and structural regularity of the biomolecule. This peak contains the two peaks found for the HAp crystal at r = 6.2 and 6.6 Å. However, as expected, none of the four characteristic peaks of HAp at r ≤ 5.4 Å appears in the profile obtained for the biomolecule. This limitation is overcome in the g P-P (r) calculated for the PO 4 3− -containing solutions. Thus, all the peaks found at r < 6.7 Å for the HAp crystal are identified in the profile derived for the inorganic solution with DNA. Furthermore, the six peaks found for the HAp crystal in the 8-10 Å interval fit within a broad peak that contains multiple shoulders. This is consistent with an ordered enlargement of the clusters. Although quantitative comparison of the two profiles still reveals some discrepancies (i.e. in the g P-P (r) derived from MD the peak at r = 4.9 Å is a shoulder, the peak at r = 5.4 Å is shifted by ∼0.2 Å, and the intensity of the peak at r = 6.7 Å is low after 50 ns trajectory), the qualitative concordance clearly indicates that DNA favours the mineral formation or even crystallization of HAp around it.
The agreement between the profiles derived from the HAp crystal structure and the snapshots recorded from the MD trajectory in the absence of DNA is also very remarkable, even though the definition of the peaks in the latter is not very high. This should be attributed not only to the length of the trajectory (i.e. 25 ns only) but also to the organization mechanism discussed above, which is based on the simultaneous formation and growing of multiple clusters (nucleation centres).
Inspection of Fig. 4 , which displays the radial distribution functions of Ca⋯Ca and Ca⋯P pairs (g Ca-Ca (r) and g Ca-P (r), respectively) obtained for the crystal structure of natural HAp and the simulated systems, corroborates the role of DNA as a template. Thus, the similitude of the profiles derived from the trajectories in the presence and absence of DNA as well as the rapid definition of such profiles (i.e. the profile remain practically invariant after 10 ns) indicate that DNA does not inhibit the nucleation of HAp around it, as recently suggested. 16 Indeed, the correspondence between the peaks derived from simulations and the peaks calculated using the crystallographic coordinates of HAp confirms that, after a few ns, the inorganic clusters tend to organize into pseudo-ordered structures.
As mentioned above, Fig. 1 and 2 suggest that the diffusion of OH − anions through the inorganic solution and their incorporation into the calcium phosphate clusters is the limiting step for the formation of HAp. To clarify this feature, the radial distribution functions of Ca⋯OH − and OH − ⋯OH − pairs (g Ca-OH (r) and g OH-OH (r), respectively) for the simulated systems have been calculated (Fig. 5) . Interestingly, comparison of the g Ca-OH (r) profiles derived from the simulations in the absence and presence of DNA indicates that, apparently, the diffusion of OH − is slower in the former than the in the latter. Thus, the height of the peaks found at r values ranging from 4 to 7 Å changes progressively during the simulation of the inorganic solution without DNA. In contrast, the peaks at such regions remain practically unchanged after 10 ns of MD when the biomolecule has been included in the simulation. The role of DNA as template is also reflected by the peak appearing in the g Ca-OH (r) profile after 40 ns at 3.1 Å (Fig. 5 ). This peak gives evidence that OH − anions slowly diffuse towards the positions typically occupied at Hap, indicating that the biomolecule promotes, or at least does not inhibit, mineral growth. Similar features are concluded from the g OH-OH (r) profiles. The diffusion of OH − during the MD simulation in the presence of DNA is clearly shown in Fig. 6 , which represents the temporal evolution of the radial distribution function for OH − ⋯P(DNA) pairs, g OH-DNA (r). The profiles calculated at different time intervals provide information about the temporal evolution of the number and relative position of OH − anions located at a distance smaller than 21 Å from a phosphate group belonging to DNA. As can be seen, OH − anions progressively incorporate to different clusters during the whole simulation, reinforcing the hypothesis that their diffusion through the inorganic solution is the limiting step for the growth of the mineral structure. Fig. 7a depicts a representative calcium phosphate cluster obtained at the first stages of the simulation (<1 ns) without DNA. This formation of such simple clusters seems to be a requisite for the growth of HAp from inorganic solutions. 
30-32
In order to get nanocapsules the solutions containing Ca 2+ and PO 4 3− ions were quickly mixed at high pH, which favoured rounded morphologies. Aggregation was avoided by adding a surfactant (CTAB), highly diluted solutions being used. DNA molecules should form micelles in solution that adsorbed Ca 2+ ions on their surface by electrostatic interaction. 32 After the addition of the PO 4 3− -containing solution, the reaction took place forming HAp around the initial DNA micelles. Fig. 8a clearly shows the presence of hollow nanospheres with a diameter close to 20 nm, which may contain the DNA molecules inside. In contrast, solid nanospheres of similar size (inset of Fig. 8a ) were obtained when DNA was not added to any of the initial inorganic solutions. A high concentration of DNA was employed for the preparation of nanocrystals and, consequently, it was added to the PO 4 3− solution instead of the Ca 2+ one in order to avoid the formation of complexes that could limit solubility. The crystal anisotropy and, specifically, a preferred growth along the crystallographic c axis were favoured by decreasing the pH to 10. 31 The phosphate solution was slowly added over the Ca 2+ solution to avoid a rapid precipitation, allowing the development of well formed crystals from a primary nucleus. Fig. 8b shows the crystalline aggregates that were attained under these selected conditions. Aggregates had a length close to 2 μm and a variable wideness that was found to depend on the number of constitutive nanorods, each with a width close to 20 nm. Different techniques (FTIR, XPS UV-vis and electrophoresis) have been applied to demonstrate the incorporation of DNA inside the nanocapsules/nanorods. Fig. 9 shows the FTIR spectra of synthesized HAp with typical PO 4 3 be envisaged and the phosphate band becomes broader with respect to that observed in the HAp spectrum. Fig. 10 depicts the characteristic XPS spectra in the P2p, Ca2p and N1s regions for HAp and HAp-DNA after the enzymatic digestion. The P2p and Ca2p peaks obtained before and after deconvolution, which are practically identical for the two systems, are in full agreement with those reported in the literature for natural HAp. The Ca2p spectra present a doublet with Ca2p 3/2 and Ca2p 1/2 , which is typically found for Ca 2+ in inorganic calcium-oxygen compounds with binding energy at 347 eV and 351 eV, respectively. 33 Also, the single P2p peak centred at 133 eV originates from the PO 4 3− anions of HAp nanocrystals. 33, 34 As was expected, the N1s signal is completely absent in HAp. In contrast, HAp-DNA samples digested with deoxyribonuclease to eliminate the DNA adsorbed onto the surface of the nanoparticles show a band centred at 400 eV, which has been attributed to the encapsulated biomolecule. UV-vis spectra, which are displayed in Fig. 11 , clearly demonstrate the presence of DNA molecules in both nanocapsules and nanorod preparations since a characteristic absorption peak at 260 nm was detected in both cases. This absorbance increases after dissolution of the sample with the acid medium, as expected for DNA molecules encapsulated inside the HAp nanoparticles. It should be emphasized that such an increment is very remarkable in the nanorod preparation, corroborating the shielding effect hypothesis discussed above. Fig. 11 also shows the spectra of digested samples. As expected, the absorbance at 260 nm decreases considerably after enzymatic treatment, reaching a practically zero value for the nanorod sample. However, the significant absorbance detected after dissolution of the sample in acid medium unambiguously demonstrates the incorporation of DNA inside nanoparticles.
The quantification of DNA in nanoparticles was performed for the nanorod preparation due to a greater amount of sample being available. For this purpose, the absorbance measurement (A 260 ) was multiplied by the well-known conversion factor of 50 μg mL −1 (for double-strand DNA) to get the total amount of DNA. Results indicate that approximately 11 μg and 33 μg of DNA are adsorbed on the surface or encapsulated inside the 1 mg of HAp nanorods, respectively. Accordingly, an encapsulating efficiency close to 25% is derived, considering that the DNA/HAp ratio from synthesis was 127 μg mg −1 .
Similar conclusions are derived from the electrophoretic pattern of HAp/DNA nanorods that is displayed in Fig. 12 . Both the DNA superficially adsorbed and that incorporated inside the particles give rise to the high intense spot observed on lane 4. This corresponds to the particles digested with EDTA, which is capable of chelating calcium ions. The intensity of the latter spot is clearly higher than that observed for the spot of lane 3, which refers to the initially loaded particles (i.e. it is basically attributed to both DNA adsorbed on the surface and DNA internally loaded but able to migrate). The fluorescence observed in the wells of lanes 3 and 4, and even the continuous smear, reflect the restricted mobility of DNA in the gel, which is caused by a progressive release from the bigger particles. Lanes 5 and 6 correspond to particles in which the adsorbed DNA was previously digested with deoxyribonuclease to eliminate this superficial DNA. A high intense spot is observed after dissolution with EDTA (lane 6) while a low signal is detected before dissolution (lane 5), as expected for encapsulated DNA. Finally, Fig. 12 points out that the intensity of the DNA spot of lane 4 results from the addition of the signals of DNA adsorbed in the surface (lane 3) and DNA incorporated inside the particle (lane 6).
Conclusions
Classical MD simulations of inorganic Ca 2+ , PO 4 3− and OH − aqueous solutions in the presence and absence of DNA have shown that the biomolecule acts as a template for the nucleation and growth of HAp. This templating effect of DNA is accompanied by a change in the aggregation mechanism. Thus, simulations show the formation of multiple calcium phosphate clusters in the absence of DNA, which incorporate OH − anions after some ns transforming into nucleation centres for the formation of HAp. The simultaneous formation of multiple nucleation centres is fully consistent with the mechanism typically found for the crystallization of inorganic salts from their solutions. In contrast, simulations in the presence of the biomolecule reveal that calcium phosphate clusters are formed surrounding the DNA backbone. The phosphate groups of the biomolecule act as a very large nucleus for the growth of the HAp. As occurs in the absence of DNA, the formation of HAp around DNA is limited by the incorporation of OH − anions to the cluster. In summary, MD simulations clearly indicate that DNA promotes the templated nucleation of HAp from a Ca 2+ , PO 4 3− and OH − -containing inorganic solution. These conditions have been experimentally applied in the laboratory to create nanoparticles and nanocrystals with DNA inside. Nanoparticles show a spherical shape and a diameter of ∼20 nm while nanocrystals are constituted of nanorods with a width of ∼20 nm. After removal of all superficially adsorbed DNA by digestion with deoxyribonuclease, the presence of DNA inside nanospheres and nanocrystals has been unambiguously determined by FTIR, XPS, UV-vis and gel electrophoresis. The biomineralization of DNA is particularly important for biomedical applications requiring the protection of the biomolecule from aggressive environmental conditions. 
